Fiber welding of socket-joints made of nanostructured high-performance molybdenum alloy (NS Mo) was carried out to get a better understanding of the role of welding heat input. It was found that low heat input (i.e., high welding speed) resulted in significantly refined grains in the fusion zone (FZ) of fiber laser welded NS Mo joints. When welding heat input decreased from 3600 J/cm (i.e., 1.2 kW, 20 cm/min) to 250 J/cm (i.e., 2.5 kW, 600 cm/min), the tensile strength of welded joints increased from about 250 MPa to about 570 MPa. It was confirmed by energy spectrum analysis that the higher the welding heat input, the higher the oxygen contents at the grain boundary (GB) within the FZ. In addition, the most important reason for poor strength of welded joints of Mo alloys was reported as being that MoO 2 was segregated on the grain boundary. Therefore, it was concluded that welding under low heat input (i.e., high welding speed) was able to reduce the segregation degree of MoO 2 at the grain boundary by refining grains and increasing the total area of GBs, thus improving the strength of welded joints and reducing the proportion of the intergranular fracture zone in tensile fractures.
Introduction
Molybdenum alloy has the advantages of a high fusion point, high heat conductivity and a low neutron absorption cross-section [1] [2] [3] . In order to delay the deterioration of that may lead to serious accidents and allow for more time to take emergency measures, the newly developed nanostructured molybdenum alloy (NS-Mo) has been selected as one of the candidate materials for the cladding tube in nuclear fuel. The NS Mo alloy developed by Liu et al. [4] is strengthened by nano-doping and has a strength of about 700 MPa and an elongation of about 40% at room temperature. The reliable welding technology of the NS Mo alloy is the premise of its wide application in various complex structures. Therefore, the weldability of this new type of molybdenum alloy has been widely studied in recent years [5] [6] [7] [8] [9] [10] .
Welding methods for Mo alloys include brazing [11, 12] , friction stir welding [13, 14] , electric resistance welding (ERW) [15, 16] , fusion welding [17] [18] [19] , etc.
The service temperature of the joint fabricated by brazing is limited by the low melting point of brazing filler metal, which is not suitable for the service conditions of nuclear fuel rods at high temperature. Friction stir welding requires the workpiece to be rigid enough and cannot be used for small or thin-walled components, such as the cladding tube considered in this study. In addition, serious tool wear is also a challenge for the friction stir welding of refractory materials.
Because of its good high-temperature strength and low resistivity, weldability of Mo for ERW is poor. Molten metal expulsion and electrode sticking might happen in ERW of molybdenum alloys [15, 16, 20] .
Fusion welding is a reliable and flexible method of joining metallic materials, while fusion welding of Mo alloys encounters cracks, porosity, and serious softening due to the excessive grain growth and impurities in the heated area [17, [21] [22] [23] . It was reported that molybdenum titanium zirconium (TZM) alloy joint produced by using tungsten inert gas arc welding (GTAW) not only presented coarse columnar grains in the FZ, but also reduced joint strength remarkably, which took up about 40% of that of the base metal (BM) [17] . Kolarikova et al. [23] compared electron beam welding and GTAW welding of pure molybdenum powder metallurgy thin plates. The width of the FZ zone of the EBW joint and the GTAW joint were 0.8 mm and 1.7 mm respectively, while the width of the heat affected zone (HAZ) of the EBW joint and the GTAW joint were significantly different, which were 1.4 mm and 35 mm, respectively. Especially, the grain size of the FZ and HAZ areas in the EBW joint was much smaller than that of the GTAW joint. The results showed that a welding method with high energy density was more suitable for welding molybdenum than the GTAW method.
Laser welding not only has the advantages of high-power density and low-heat input, but also can be carried out in an open environment without vacuum chamber [24] [25] [26] [27] [28] [29] [30] [31] . Therefore, laser welding of molybdenum alloy has been studied by many researchers [5] [6] [7] [8] [9] [10] 32] . However, welding of molybdenum alloys still faces many unsolved issues, especially those related to the newly developed molybdenum alloys. In this study, fiber welding of socket joints made of NS Mo alloys was performed with an emphasis on the influence of heat input. The NS Mo alloy end plugs and tubes were produced through powder metallurgy and multi-pass hot rolling. The weld geometry, microstructure, microhardness, strength and fracture morphology of the welded socket joints produced under different heat inputs were tested and compared.
Materials and Methods
The tube and end plug were produced by powder metallurgy and hot rolling. The compactness of the NS Mo was about 99.6%. However, the tube was strengthened by the 0.5 wt.% La 2 O 3 nanoparticles dispersed on the Mo matrix and its manufacturing process was more complex than end plugs, i.e., preformation and multiple rolling. Cross-sectional images of the microstructure of NS Mo alloy are shown in Figure 1 , which presents fine grains with rolled morphology. Figure 2a shows the dimensions of the NS Mo end plug and tube. Before welding, the specimen was preheated to about 450 • C using a resistance wire as the heat source. The end plug and tube were assembled together by interference fit. The laser beam was focused on the lap zone of the end plug and tube during the welding process, as demonstrated in Figure 2b . The welding tests were conducted using an IPG YLS-4000 fiber laser continuous welding (CW) system (IPG, New York, NY, USA), as illustrated in Figure 3 , with a maximum output of 4 kW, a central wave length of 1070 nm and a focal spot size of 0.2 mm in diameter. During welding, the workpiece was rotated while the position of laser head was left fixed. The focus was 1 mm above the workpiece surface. Preheating was conducted for the first laser pass. The real spot size on the workpiece surface was about 0.2 mm in diameter. The welding speed was the linear speed at the surface of the rotating workpiece. The heat input (HI) was the energy applied by the heat source to the unit length weld, which was greater than the actual absorbed energy per unit length of weld. Argon was taken as the shielding gas. Table 1 lists the welding parameters employed in this study. After welding, the cross-sectional metallographic specimens of the welded joints were prepared using a standard metallographic method, etched with an etchant consisting of 10 mL of HF, 10 mL of HNO 3 , and 30 mL of H 2 O, and then observed under a Nikon Eclipse MA200 (Nikon, Tokyo, Japan). The EDS analysis on the chemical composition of the FZ was performed on a FESEM-SU6600 scanning electron microscope (SEM, HITACHI, Tokyo, Japan). The average size and shape coefficient of grains in the FZ were calculated using Image pro plus 6.0. Subsequently, the microhardness distribution on the cross-section of the welded joint was measured using a MH-5 micro-Vickers hardness tester (Everone, Shanghai, China) under a load of 100 gf and a holding time of 30 s. The measurement path over the sample is indicated in Figure 2c . Finally, a tensile test was carried out using a CSS-88100 electronic testing machine (INSTRON, Shanghai, China) with the tensile rate of 0.5 mm/min. The morphology of the tensile fracture of the welded joints was observed using SEM. The size of the weld was measured under a VMS-3020 optical image measuring instrument (WANHAO, Suzhou, China) with an accuracy of 0.01 mm.
Results and Discussion
At the beginning of this section, it is necessary to note that the welding speed for the low heat input was thirty times that for high heat input, while the laser power for the low heat input was just two times that for the high heat input. Therefore, the heat input was essentially controlled by the welding speed.
Surface Morphology of Weld Seams
As shown in Figure 4 , for the description, the circumference of the socket joint was divided into six parts. Here, the position of 0 • indicates the welding start position and the welding direction is indicated by the curved red arrow in Figure 4a . Welding tests were conducted following the parameters given in Table 1 and the surface morphologies of the socket joints achieved under these welding conditions are presented in Figure 5 . According to Figure 5 , regular and smooth surface morphology was achieved under low heat input (i.e., 250 J/cm), while a lot of spattering was found when high heat input (i.e., 3600 J/cm) was adopted. It can be found from Figure 7 that widths and depths of the fusion zone of joint 1 kept almost uniform over the whole circumference, while those of the fusion of joint 2 increased gradually along the welding direction.
During the welding of joint 2, due to the low welding speed (i.e., 0.2 m/min) and the high thermal conductivity of Mo alloy, the regions in front of the weld pool were preheated and the heat accumulation effect were strengthened gradually as the welding process continued, resulting in the gradually increase of weld width and weld depth in joint 2. In contrast, joint 1 was welded at a higher speed (i.e., 6 m/min) within a short time of about 0.29 s, leading to both the width and depth of the weld seam being almost constant along the welding direction. Figure 8 shows the cross-sectional morphologies of joints 1 and 2 at the 180 • position. The linear intercept method was used to determine the average grain size of FZ in both joints and the results are listed in Table 2 . It can be found that the FZ of joint 1 mainly consisted of slender columnar grains with an average grain size of about 42 µm, while the HAZ of joint 1 contained recrystallized equiaxed crystals. Moreover, the FZ of joint 2 presented a mixed morphology of coarse columnar crystals and coarse equiaxed crystals, of which the average grain size was about 131 µm. The HAZ in joint 2 appeared as significantly coarse recrystallization microstructures. Additionally, due to the asymmetry of cooling conditions, the width of the HAZ at the left side (i.e., end plug side) of the FZ in joint 2 was less than that at the right side (i.e., tube side) of the FZ. Actually, the equiaxed crystals morphology observed in the FZs of joints 1 and 2 were more likely to be the cross-section of some curved columnar crystals [33] [34] [35] [36] , which could be explained with the aid of Figure 9 . Since those columnar crystals grew along the direction with maximum temperature gradient (i.e., perpendicular to the rear edge of molten pool), the columnar crystals in the FZ of joint 2 could develop along the welding direction, owing to the large curvature profile of the rear edge of the molten pool resulting from low welding speed. Joint 1 was produce under a high welding speed, thus the molten pool was prolonged which caused columnar grains growing along the horizontal direction. 
Microstructure Observations

Microhardness Measurements
The microhardness distributions on the cross-sections at 180 • were tested along the paths indicated in Figure 2c , and the results were presented in Figure 10 . From Figure 10 , it can be found that the microhardness of the BM was 250~260 HV, the heated zones of both joints 1 and 2 were softened and the minimum hardness on the cross-sections of these joints always appeared at the FZ-HAZ interface. The results also indicated that the width of the softened zone of joint 1 was greatly less than that of joint 2, while the minimum hardness of the former was slightly higher than that of the latter. For NS Mo base metal, a special liquid liquid mixing preparation method was employed to realize the dispersed distribution of nano-sized La 2 O 3 particles, resulting in favorable mechanical performance. Owing to the melting point of La 2 O 3 (i.e., 2207 • C) [4] being lower than that of Mo (i.e., 2622 • C, La 2 O 3 particles in the FZ will decompound during the laser welding process. Thus, the microhardness of the FZ was significantly decreased and lower than those of the HAZ and BM. The NS Mo BM considered in this work is also a type of work-hardened material. Therefore, softening of the HAZ in the welded joints might be largely due to the decreased number of dislocations after the welding thermal cycle. 
Tensile Strength
Tensile Strength and Fracture Path
The results of the tensile test and the surface morphologies of fractured specimens are displayed in Figures 11 and 12 , respectively. The tensile strength of BM was 718 MPa while those of the joints 1 and 2 were 568 and 252 MPa, which took up 79% and 35% of that of BM, respectively. Namely, the tensile strengths of joint 2 was significantly lower than that of joint 1. The tensile specimens of both joints were fractured in the FZs and were not subjected to plastic deformation before failure. It can be found from Figure 12 that joint 1 fractured along the center line of the FZ, while joint 2 fractured along the FZ-HAZ interface at the tube side.
As mentioned in Section 3.4, the La 2 O 3 particles in the FZ might decompound during fusion welding, which would cause O to dissolve into a molten pool and react with Mo. Thus, MoO 2 was generated and had a great probability to gather on GBs, due to its lower melting point (2300 • C). Previous research already showed that the discontinuous distribution of MoO 2 at the GBs of the FZ was the main reason causing a reduction of the strengths of Mo alloy joints [19] . In this work, oxygen segregation at GBs in the FZ was also investigated and is presented in the next subsection. Of course, the numbers of porosity defects and pore sizes in the FZ of joint 2 were larger than those of joint 1 respectively, which is also an important reason why the tensile strengths of joint 2 was significantly lower than that of joint 1. 
Composition of Grain Boundary Segregation
The EDS results for cross-sections of joints 1 and 2 at 180 • are shown in Figure 13a ,b, respectively. It indicated that the oxygen contents at the grain boundaries within the FZs of the two welded joints were all higher than those at the interior of the grains within the FZ. In addition, it was confirmed that the oxygen contents at the GBs within the FZ of joint 2 was significantly higher than that of joint 1. Generally, MoO 2 will segregate on GBs after laser welding no matter which heat input is used [5, 6, 17, 23] . Then, TEM was used to identify the phase in the FZ of each joint, and the TEM results are shown in Figure 14a ,b, respectively. The MoO 2 segregation at grain boundaries can be seen in Figure 14 . The segregation of joint 2 was more serious. It is easy to understand that reduced GBs area would result in excessive aggregation of precipitates on GBs. Therefore, the coarse grains in joint 2 caused by higher heat input would lead to the total area of GBs being reduced, and consequently, aggravate the segregation of MoO 2 at GBs. Figure 15 displays the morphologies of tensile fractures of joints 1 and 2 observed by using SEM. The fractures of the two joints all appeared as intergranular and transgranular mixed fracture morphology. The river-like patterns were observed at the 0 • , 60 • , 120 • and 300 • positions of the fracture of joint 1 (as shown in Figure 15a ), namely, shown as cleavage fracture, which took up about 70% of the total area of the fracture. In the fracture zone of joint 1 at 80 • and 140 • , the grain surface exposed due to the intergranular fracture occurred there, which accounted for about 30% of the total area of the fracture. The river-like pattern occurred at the 30 • and 90 • positions on the fracture of joint 2 (as shown in Figure 15b ), which accounted for about 50% of the total area of the fracture. Intergranular fracture morphology took up about 50% of the total area of the fracture of joint 2, which should be attributed to the serious MoO 2 segregate on GBs in the FZ of joint 2. As mentioned above, higher heat input would result in coarsened grains and reduce the total area of the grain boundary, which would consequently cause excessive aggregation of MoO 2 on GBs and weaken grain boundary strength. Therefore, the tensile strength of joint 2 was obviously lower than that of joint 1. 
Morphology of Tensile Fractures
Conclusions
Fiber welding tests of socket joint made of powder metallurgy NS Mo alloy were carried out and the welding heat inputs were taken as 250 J/cm and 3600 J/cm. The role of welding heat input in fiber laser welding of powder metallurgy NS Mo alloy was discussed by comparing the microstructure, mechanical properties and grain boundary segregation of both joints. The main conclusions are as follows.
(1) Laser welding of an NS Mo alloy under a low heat input resulted in a high aspect ratio of the FZ and uniform widths and depths of FZ over the whole circumference of the joint. In contrast, in the joint prepared with a high heat input, a low aspect ratio of the FZ was observed and both width and depth of FZ increased gradually along the welding direction. (2) The FZ and HAZ of joint 1 and joint 2 both were softened. The minimum microhardness of the softened zone of both joints was similar and was less than that of BM by about 20%. (3) When heat input was increased from 250 J/cm to 3600 J/cm, the average grain size of the FZ increased from about 40 µm to about 130 µm, which would significantly reduce the total area of GBs, and therefore might aggravate the segregation of MoO 2 at GBs. (4) The tensile strengths of the welded joints achieved using heat inputs of 250 J/cm and 3600 J/cm were 79% and 35% of that of BM, respectively. Both joints fractured in the FZ and intergranular fracture morphology took up about 30% and 50% of the total area of the fractures of joint 1 and joint 2, respectively.
